The approach taken here involves defining consonants and voWels in terms of articulatory gestures, following Browman and Goldstein's Articulatory Phonology (e.g., Browman & Goldstein, 1986 & Goldstein, , 1992 . This framework provides a phonological description that explicitly specifies how consonants and vowels are produced, which makes it possible to predict how differences in articulatory coordination could result in different prosodic characteristics.
In Articulatory Phonology, a gesture is both a primitive of phonological representation and an abstract, dynamic unit of action that controls the coordinated movement of one or more articulators. The spatial and temporal properties of each gesture are specified in terms of tract variables (Saltzman, 1986; Saltzman & Kelso, 1987; Saltzman & Munhall, 1989) . These are variables such as Lip Aperture or Tongue Body Constriction Degree, which are characterized by categoricallyvalued descriptors. These descriptors specify the parameters of the task(s) involved in producing the gesture, a task typically being the formation of a constriction in some part of the vocal tract. For instance, in a bilabial gesture such as for /p/, the goal, specified using the Lip Aperture tract variable, is to close the lips together. Temporally, the gesture is specified by the parameters of the tract variable(s) that determine the time course of the movements associated with that gesture (Browman & Goldstein, 1986 , 1990 a,b, 1992 Saltzman, 1986; Saltzman & Kelso, 1987; Saltzman & Munhall, 1989) .
In Articulatory Phonology, gestures are abstract, phonological units; by positing a relation between tract variables and actual articulators, the gestures can be associated with the measurable movements of the articulators for the different vowels and consonants. In this way the Smith temporal characteristics of a gesture can be estimated from movement in the part of the vocal tract that would be controlled by that gesture. Of course, measuring the movements of just one articulator is at best an approximation, because a gesture typically involves multiple articulators. For instance, a bilabial closing gesture involves one tract variable (Lip Aperture), but several articulators-the jaw, lower and upper lips.
Because duration is an intrinsic property of gestures, they are well-suited to serve as the units of representation in processes that crucially involve the temporal extent of phonological properties. (Steriade's 1990 gestural analysis of Dorsey's Law provides an example of such a process.) In order to use gestures to represent such processes, it is desirable to specify a structure for the temporal relations among the gestures. It would be expected that only a limited set of the possible temporal relations among gestures would be stable in a given language (Goldstein, 1989) . Because gestures are defined in terms of possible vocal tract goals, they are inherently constrained by the physical possibilities of the vocal tract. Their representation is additionally constrained in Articulatory Phonology by limits on the permissible values for dynamic parameters, and can be further constrained by a specific model of the temporal coordination between vowels and consonants.
MODELS
Two models of this coordination will be compared here. Both models have been proposed as representations of consonant-vowel relations in English, although they also apply to other languages as well (or better).
In one of these models, each oral gesture is coordinated with the oral gesture preceding it and the one following it (Browman & Goldstein, 1990a) ; thus, consonants and vowels are mutually coordinated. Vowels can be coordinated with respect to consonants, and vice versa, rather than being exclusively coordinated with other vowels. This arrangement means that the temporal properties of consonants can affect vowels, either as a result of the properties of individual consonants or as a function of the number of consonants. How such an effect comes about depends on exactly how the consonants and vowels are coordinated. For example, in a VCV sequence, suppose one phase of the consonant's production (e.g., the achievement of closure) is coordinated with the preceding vowel and that the following vowel is coordinated with respect to a later phase in the consonant (e.g., its release). If the duration of the consonant were to increase, the time between the two phases of the consonant, and hence between the vowels, might be expected to increase. This model, illustrated on the left-hand side of Figure 1 , will be referred to as "combined vowel-and-consonant timing". consonant is a geminate Ipl (as shown by the light gray lines in the fIgure) rather than a singleton, the combined vowel-and-consonant model predicts a reorganization in the timing of the movements associated with the vowels. As the left-hand side of Figure 1 suggests, this might be a delay in the second vowel UIltil after the longer consonant has been produced, illustrated by the Lip Aperture trace showing a longer period of closure. But, as shown on the right, in vowel-to-vowel timing where the coordination of the vowels is independent of the consonant, the prediction would be that no change would occur in the movements associated with the vowels.
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These two models reflect, at the very least, different logical possibilities for coordinating consonant and vowel events. It is hypothesized here that both do occur, but that they are found in languages with different prosodic structures, with the vowel-to-vowel model of organization underlying languages whose rhythm has been described as being based on vowels ("stress-or syllable-timed"), and the combined vowel-and-consonant model underlying languages that have been described as "mora-timed". The best-known example of a moratimed language is Japanese (Vance, 1987) , in which both vowels and coda consonants "count" in determining the number of moras. Examples of mora-counting in Japanese are given in Table 1 .
Conversely, for languages in which the rhythm is determined primarily on the basis of the vowels, vowel-to-vowel timing seems more appropriate. Italian will be used here as an example of this kind of language. There is considerable debate over whether Italian is best classified as stresstimed or as syllable-timed (see e.g., Dauer, 1983; Bertinetto, 1983) ; what is relevant (and widely accepted) is that its rhythm is centered around the vowels, thus, it is in a different category from Japanese. In this study it is the two models of temporal organization of gestures that are being compared, but it is also suggested that these models provide a way of understanding differences between languages that fall into the different rhythm categories known as syllable-and moratiming.
Another model gives special status to the vowels. Ohman's (1967) analysis of vowel-to-vowel coarticulation proposed that the production of individual consonants is superimposed on the continuous production of vowels. Similarly, Fowler (1983) summarized a variety of experimental and phonological evidence suggesting that, at least for a sequence of stressed monosyllables, vowels are produced continuously and consonants are coordinated with them. That is, the consonants are produced separately from vowels but organized temporally with respect to them; since the production of vowels is continuous, consonants will overlap them (Fowler, 1983) .
One problem in comparing the model suggested by Fowler with the combined vowel-and-consonant model is that the two models are based on somewhat different concepts of vowel production. If the vowels and consonants are both defIned in terms of discrete articulatory gestures, as in Articulatory Phonology, then the production of vowels is not a strictly continuous cycle as it is in Fowler's model. The kind of vowel-based model assumed here is similar to Fowler's, in that it retains the independence of vowels from consonants that characterizes Fowler's model, but it treats each vowel as a discrete gesture that must be coordinated with other vowel gestures. In this model, the oral gesture for each vowel is coordinated with the oral gesture for the preceding vowel, and each consonantal oral gesture is also coordinated with the oral gesture for the preceding vowel.
In this kind of model, consonants are essentially irrelevant to the temporal organization of the vowels, which is dependent on the foot structure (patterning of the stressed and unstressed units). The production of vowels should not be affected by the number of consonants or by any other property of them, such as inherent differences in duration among types of consonants. This prediction contrasts with the prediction of the combined vowel-and-consonant model that the differences in the consonant(s) would affect the vowels. The model of this type similar to Fowler's is shown on the right-hand side of Figure 1 , and will be referred to as "vowel-to-vowel timing".
The distinction between these two possible ways of coordinating vowels and consonants can be seen when the duration of the intervocalic consonant changes. The lower half of Figure 1 compares the predictions of the two models for utterances with single or geminate consonants. Stylized traces of tongue and lip movements for the sequence lipa! are shown by black lines. When the intervocalic Microbeam data consist of trajectories of the pellets in a two-dimensional coordinate system over time, thus showing the movements of the articulators.
Three speakers each of Japanese and Italian produced disyllabic nonsense words consisting of the vowels Ia! and Iii with single and geminate intervocalic consonants. The target utterances are shown in Table 2 . These utterances were produced within carrier phrases designed to provide phonetically similar contexts in the two languages: "Boku wa _ _ mo aru" ("I have a _ _, too.") for Japanese, and "Dica _ _ molto" ("Say _ _ again and again") in Italian.
Note that utterances of the form Imatti/ were not collected for Japanese because a rule of palatalization changes the [t] to [tIl before [i] . Experimental constraints resulted in considerable variation in the number of tokens per utterance produced by the speakers: for the Japanese speakers (JI-J3), there were typically 15 to 20, for Italian speaker 1, about 10, and for the other two Italian speakers (designated 12 and 13), about 5.
The positions of the microbeam pellets over time were recorded, and traces of their horizontal and vertical movements were used to measure the intervals between various significant events. The pellet traces chosen for measurement were those that could be most directly associated with tract variables involved in the production of the vowel and consonant gestures. In this way a connection could be made between significant events in the articulatory movements and in the gestures. For most speakers, four pellets were attached to the tongue, as in Figure 2 , and the horizontal movement of the rearmost pellet and vertical movement of next-rearmost were associated with the vowel gestures.! Consonantal gestures for bilabials were associated with the Lip Aperture trace, calculated as the vertical distance between the upper and lower lip pellets.
The locations of the measured events were determined algorithmically. For example, movement onset was identified as the time when the velocity of the movement exceeded zero by a predetermined threshold, and the achievement of target of a gesture was associated with the time at
These two models of temporal organization have been formulated here in terms of an abstract level of gestural control, but to test whether they accurately model consonant-vowel relations in Japanese and Italian requires data showing the actual movements of the articulators that are associated with these gestures. In this study, articulatory data were collected that make it possible to measure the continuous movements associated with the vowel and consonant gestures and examine their temporal behavior. By using articulatory data, it is possible to separate movements associated with consonants, for example lip movement for bilabials, from movements of the tongue associated with vowels. These gestures cannot be measured separately in acoustic data where there is only one channel of data that incorporates both vowels and consonants.
In this experiment, such movements were measured using the NIH X-ray microbeam facility at the University of Wisconsin, Madison (Nadler, Abbs, & Fujimura, 1987; Westbury, 1991) . This system recorded the movements of the articulators by means of a microscopic X-ray beam that tracks tiny gold pellets attached to the midline of the tongue, the upper and lower lips, and the lower incisor (to measure jaw movement). showing approximate positions of the microbeam pellets on the speaker's articulators (after which the velocity of the movement slowed down to no greater than the threshold value, and approached a displacement plateau. For the tongue movement traces, this threshold was ±1O% of the most extreme velocity recorded for a particular trace for a given speaker.
RESULTS
The different timing patterns that were observed in these utterances will be illustrated by individual tokens chosen to be representative of statistically significant effects. 2 For details ofthe statistical analyses, see Smith (1992) .
In Figure 3 , Japanese speaker J1's production of the utterance Imipa/ is illustrated by the lower of the two acoustic waveforms and the solid black lines in the articulatory movement traces. The vertical lines in the movement traces indicate the times at which the tongue approached the target locations for the vowel gestures. To test the hypothesis that Japanese shows re-organization of the timing between the vowel gestures when the duration of the consonant increases, this utterance was compared to the corresponding utterance with a geminate Ip/, shown in Figure 3 in the top acoustic waveform and the light gray lines in the movement traces.
The two utterances are lined up in this figure at the offset of the initial 1m! in the Lip Aperture movement trace. Notice that in the utterance with a geminate intervocalic consonant, the second vowel reaches its target position later relative to the first vowel, and the plateau region for the first vowel is longer preceding the geminate. These differences between the utterances with single and geminate consonants were statistically significant for all Japanese speakers. The change in the relation between the vowels that is observed when the consonant is a geminate suggests that the combined vowel-and-consonant timing model is appropriate for Japanese.
The contrast between single and geminate consonants shows up in a quite different way in Italian. Productions of Imipal and Imippa/ by Italian speaker I1 are shown in Figure 4 . For this speaker, when the intervocalic consonant is a geminate, the movements of the tongue associated with the vowels remain essentially unchanged from the utterance with a single intervocalic consonant. In particular, the times at which the two vowels reach their target positions (shown by the vertical lines) are virtually the same in the utterances with single and geminate consonants. This result suggests that the consonant has not affected the relative timing of the vowels. For this speaker, there was no significant difference in the interval between vowel targets between utterances with single and geminate consonants. As predicted by the vowel-to-vowel timing model, the vowels seem to be coordinated independently of the consonant.
For speaker 13, shown in Figure 5 , and also speaker 12, there was a small, statistically significant shortening 3 of the duration of the interval between vowel targets with an intervening geminate consonant. Whereas in Japanese the interval between vowel targets was longer with a geminate intervocalic consonant, for Italian speakers 12 and 13 this interval was slightly shorter. Although these two Italian speakers showed some changes in vocalic durations when the intervocalic consonant was longer, they resembled speaker I1 in that the total duration of the articulatory movements from start to finish of the utterances were extremely similar regardless of the length of the intervocalic consonant. For speakers 12 and 13 there seems to be a trade-off in the durations of the interval from the target to the offset of the first vowel and the interval from the offset of the first vowel to the target of the second vowel. Note that in the utterance with the geminate consonant, the plateau region for the first vowel is shorter but the interval from the offset of the first vowel to the target of the second vowel is much longer, with the result that the time from vowel target to vowel target is not very different from that observed with the single consonant.
This pattern suggests that since the tendency for speakers 12 and 13 is that the target-to-target interval does not vary much, all the Italian speakers are more alike than may initially appear to be the case. Nonetheless, the fact that speakers 12 and 13 do show a difference between the single and geminate utterances for the interval between vowel targets, implies that the length of the consonant may affect the vowels to some extent. Therefore, speakers 12 and 13, who behaved similarly, contradict the strongest form of the vowel-based hypothesis, which predicted that the vowels would be unaffected by a change in the consonants. The strong form of the vowel-to-vowel timing hypothesis is completely borne out only for the Italian speaker n. However, all the Italian speakers clearly differ from the Japanese speakers. It remains unclear, however, to what extent the patterns shown by the Italian speakers can be described by the vowel-based hypothesis alone. 
Italian speaker 3 Figure 7 . Structures of the models for Japanese and Italian. Each box corresponds to a gesture: the width is scaled to the mean duration of the articulatory movements associated with that gesture, from onset to end of the period of activation, for the individual speaker.
Japanese speaker 1 gestures and the lines between them connect phases in the gestures that were specified to occur at the same times. The black lines correspond to the model for the utterance with a single consonant, and the light gray lines show the model for the utterances with a geminate consonant.
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Italian Figure 7 illustrates how the differences between utterances with single and geminate consonants were modeled; the boxes represent abstract To illustrate how the measured durational changes between utterances with single and geminate consonants could arise from limited changes to the relations among gestures, models of timing were constructed for Japanese and Italian, with the timing relations among the gestures specified in terms of phasing. The modeling was done by manipulating parameters that specify the temporal characteristics of the individual vowel and consonant gestures and their relative phasing. For each speaker, these parameters were manipulated to create the best possible model structured in accordance with the hypothesized timing organization; that is, the models for Japanese speakers used the vowel-and-consonant organization and the models for Italian speakers the vowel-to-vowel based organization. The basic structures for the models are shown in Figure 6 , where the rounded boxes represent consonant and vowel gestures and the lines between them show the phasing relations that were specified in the models.
/®~/( 9 © Japanese These diagrams are drawn to scale, andthe width of the boxes reflect the measured durations, for one speaker of each language (Jl and 13), of the movements associated with the different gestures.
These models were used to predict durations of intervals between pairs of events that had been identified in the articulatory movements, such as the events marked by vertical lines in Figures 3,  4 , and 5. The differences in these durations between the utterances with single and geminate consonants were then calculated, and the predicted and measured differences were compared. The modeling procedure minimized the number of parameters whose values varied between the utterances with single and geminate consonants, while optimizing the r 2 correlation between the measured and predicted differences in durations.
For each speaker, one model was optimized using the structure hypothesized for that speaker's language. The same model was used for Italian speakers 12 and 13. In addition, all of these models were tested on the data for every speaker, so that both structures were tested on speakers of both languages. Speakers of each language were best modeled (that is, the fit had the highest r 2 ) by the models using the structure that had been hypothesized to reflect the patterns of their language. Even when using models optimized for other speakers, better fits were found with models for speakers of the same language, which lends support to the initial assumption that the two languages require models with different structures. A sample of the modeling r 2 values is given in Table 3 , which shows results for utterances of the form miC(C)a. 4 The models are named for the speaker(s) they were developed for; r 2 values for speakers' own models are in boldface in the table. Variables were the phasing relations between pairs of gestures; the stiffness of the vowel gestures was also varied between utterances with single and geminate consonants for models #J3, 11 and 12&3.
This kind of modeling has the advantage of capturing the numerous measured differences between utterances with single and geminate consonants with relatively few parameterized differences, reducing much variability to a few interpretable differences. The similarity of the models obtained for the three Italian speakers suggests that they were all showing similar temporal organization, despite the superficial differences among them. 1apanese-styIe models (V-and-C) Italian-style models (V-V) .96
Gestural representation of geminates
Since the two structures for temporal organization are being contrasted with respect to differences due to consonantal length contrast, the criterion of goodness-of-fit for the models was how accurately they predicted the pattern of differences between single and geminate utterances. Thus a crucial aspect of the models is how the single/geminate contrast is represented, in two ways-the specific consonantal gesture(s) and the differences in the utterance as a whole that result from this contrast. The modeling procedure outlined above assesses the overall validity of the representation; it remains to consider how the length contrast should be modeled in the consonantal gesture.
In both the models shown in Figure 7 , a geminate consonant was modeled as one gesture with different parameter values from those for the gesture for a single consonant. In both languages the interval during which the lips or tongue tip remained in a closed position was significantly longer for the geminate than for the single consonant. This pattern was modeled by having the gesture for a geminate consonant remain active for a longer time after reaching its target position than the gesture for a single consonant.
For the Japanese speakers, and Italian speakers II and 13, in addition, the lips moved more slowly when forming the constriction for a geminate than a singleton, so the duration of the movement towards the target was significantly longer. This difference was modeled by reducing the stiffness of the gesture for the geminate versus the single consonant. Both the longer period of activation and the decreased stiffness have the effect of increasing the duration of the gesture for a geminate. These parameter changes are schematized in Figure 8 . These models require specification of the characteristics of the movement forming a constriction and, for consonants, the duration of the period of activation. For vowels, the end of the period of Single consonant --,,-' / / / activation was not specified; how long the gesture remains active depends on the timing of the following gestures.
The models presented here, which represent geminate consonants by a single gesture, offer an economical way of getting a good correspondence with the articulatory data. While the goal of the modeling was to achieve a good fit of the data, ideally the models should reflect the phonological structure of the utterances being modeled. Conceptually, a model using two gestures to represent a geminate may be more appealing. In Articulatory Phonology, phonological contrasts (such as presence or absence of voicing) are represented by the presence or absence of a gesture. Thus, adding a gesture to geminate a consonant would coincide better with the representation of other kinds of phonological contrasts. This seems appropriate for languages such as Japanese and Italian, in which consonant length is phonologically contrastive. A two-gesture representation also reflects the fact that phonologically, geminates often seem to behave like two units (see e.g., Schein & Steriade, 1986) .
In a two-gesture representation of geminates, the parameters (stiffness and phasing) for each of the two gestures in a geminate would have to be specified, as for any other gesture. If each of these gestures had the same parameter values as the gesture for a single consonant, then the total duration of the geminate would be greater than that of a single consonant. But exactly how much greater would depend on the phasing between the two gestures. This phasing relation might well vary between languages. Figure 9 illustrates two possible phasing relations between the two gestures of a geminate. The total duration of the geminate would, of course, be greater in the lower of the two diagrams in Figure 9 . However, in order for two gestures to form a geminate, rather than two separate consonants, they must be timed in such a way that the articulators maintain the target configuration of the vocal tract.
One-gesture geminate In the right-hand diagram of Figure 9 , the delay between the two gestures may be too great to maintain the target configuration. The extent of overlap between the two hypothetical gestures cannot be determined from the data: in the movement traces the geminates, like the singletons, had a single articulatory maximum, i.e. they showed up as a single hump. Thus relating this two-gesture model to the articulatory data is problematic.
The most constrained form of the two-gesture model would be to assume that each of the two gestures has the same parameters as the gesture for a single consonant. However, recall that for most of the speakers the movement to form a geminate closure was significantly slower than for a single closure. This implies that if a geminate consists of a pair of gestures, at least the first one would have to have a lower stiffness than if it were alone. Thus, even for a two-gesture model, the dynamic parameters for a geminate consonant have to be different from the parameters for a single consonant. This means that a two-gesture model effectively requires two changes to represent a single phonological contrast, rather than the one change (the parameter values) that is required by the one-gesture representation. For this reason, the two-gesture model appears to be a more costly approach.
Generalization of results for geminates to utterances with intervocalic clusters
Because the single and geminate consonants contrast only in the time domain, they were used in this study for the comparison of the timing structures of Japanese and Italian. However, to ensure that the observed differences between the utterances with single and geminate consonants were general effects of durational differences, and not particular to geminates, utterances with the homorganic cluster Impl were also measured and compared to the utterances with geminates. 5 There were very few statistically significant differences in the durations of the various measured intervals, and where there were differences, they were similar in magnitude to the small differences that had been observed between oral and nasal geminates-that is between Ippl and Imrn/, Itt! and Inn!. In general, the durations of the measured intervals in utterances with the intervocalic cluster seemed to be mostly dependent on the nasality of the adjacent part of the cluster: that is, measures relating to the first part of the utterance tended not to differ between Impl and Imrn/, and measures of the second part tended to pattern similarly in Impl and Ipp/. This suggests that the cluster does not differ from the geminates in any way relating to length, but that it does constitute a sequence with respect to nasality.
The Impl cluster tested in this experiment could be represented as a single labial gesture with coordinated velic opening and closing gestures. However, heterorganic clusters would have to be specified using two or more oral gestures; thus in general, clusters cannot be distinguished from single consonants merely by altering the parameters of a single gesture. Therefore, if a single-gesture representation is adopted for geminates, it could not be extended to clusters. This restriction seems undesirable, since it appears that the cluster and the geminates pattern in the same way with respect to durational effects. This similar patterning of clusters and geminates supports the proposal for representing geminates as two gestures, rather than one.
CONCLUSION
The results presented here show how minimal manipulation of structural relations organizing dynamic primitives (gestures) can give rise to complex, inter-related surface timing patterns. One of the principal advantages of Articulatory Phonology is that the intrinsic duration of gestures facilitates the representation of temporal relations. The patterns of temporal organization observed among articulatory gestures can vary between languages, but seem to vary in a way that corresponds to the traditional descriptions of languages' rhythms, and can be described in terms of how different gestures are coordinated in time. Steriade's (1990) work has also suggested that some phonological processes may be interpretable as changes in the phasing of consonants and vowels relative to each other. In the framework of Articulatory Phonology, the account of the patterning of such phonological processes is related to cross-linguistic differences in rhythmic units and durational patterns. Different structural relations among gestures are one of the ways that languages create different rhythms.
